determining the appropriate wavelength or combination of wavelengths to characterize crop N deficiency. stated that light reflectance near 550 nm (green) was best for separating N treatment N itrogen is the most limiting nutrient in production differences, and could be used to detect N deficiencies of nonleguminous crops in central Nebraska and in corn. Everitt et al. (1985) studied the relationship of the Great Plains. As cropping practices become more plant leaf N concentration and leaf reflectance from 500 intensive, other nutrients will likely become limiting as well. The second most limiting nutrient for corn producto 750 nm, concluding that buffalograss (Buchloe engelm tion is often P. Current methods for estimating the Poaceae) receiving no fertilizer N had highest reflecamount of P available to growing crops include soil tance readings. Walburg et al. (1982) demonstrated that sampling or in-season plant sampling, both of which can N treatments affected reflectance in both the red and be costly and labor intensive. The use of remote sensing near-infrared (NIR) regions of the spectrum, with red reflectance increasing and NIR reflectance decreasing for N-deficient corn canopies. Blackmer et al. (1996) of the 550 to 600 nm band to the 800 to 900 nm band *Corresponding author (sosborne@ngirl.ars.usda.gov). could distinguish between N treatments in irrigated corn canopies. Stone et al. (1996) demonstrated that total 1216 AGRONOMY JOURNAL, VOL. 94, NOVEMBER-DECEMBER 2002 The experimental design was a randomized complete block plant N could be estimated by using spectral radiance design with four replications. The treatment design was a measurements at the red (671 nm) and NIR (780 nm) total N and chlorophyll content using reflectance. They split N application at one-half the N rate was topdressed at found that for fresh plant samples, the log transform of V5 to V7. Treatments were applied to the same experimental 1/reflectance in the short-wave infrared band was the areas both growing seasons. Plots were 9.14 by 15.24 m with 0.76 m row spacing. 'Guardsman' [dimethenamid (2-chlorobest predictor of N content and that the visible bands -(2,4-dimethyl-thien-3-yl)- were the best predictors of chlorophyll content.
acetamide) ϩ atrazine (2-chloro-4-ethylamino-6-isopropylThere has been limited research investigating the po- sion of other products that may also be suitable.
MATERIALS AND METHODS
A continuous irrigated corn experiment was conducted on a Hord silt loam (fine-silty, mixed, mesic Pachic Haplustolls) located at the Management Systems Evaluation Area (MSEA) project near Shelton, NE. The production system utilized conventional tillage with a linear drive irrigation system. Total irrigation amounts were 200.8 mm during 1997 and 115.2 mm during 1998. Growing conditions during 1997 and 1998 were similar with respect to average daily temperature and growing degree days, but rainfall amount was different between the 2 yr with 247 mm for 1997 compared with 457 mm in the 1998 season. The seeding rate was 74 000 plants ha Ϫ1 with Pioneer brand hybrid 3225 planted on 1 May 1997 and 4 May 1998. Initial surface soil test characteristics are reported in Table 1 . and 23 June and 29 July in 1997 on the 269 kg N ha Ϫ1 rate al., 1989) and P concentration using energy dispersive x-ray fluorescence (Knudsen et al., 1981) . Total dry matter per plot for the four different P treatments. Integrating sphere measurements were collected on 10 random uppermost collared was calculated by combining the ear and total vegetative matter dry weights. Grain yield was estimated by hand harvesting leaves. Leaves were placed in a Ziploc bag and stored on ice until measurements were performed. Three spot readings per 3.05-m row length from each of the four middle rows. Ears were shelled and water content determined. Grain samples leaf were taken on the upper and underside of the leaf surface. Spectral measurements were taken by attaching the radiomewere oven-dried at 50ЊC, ground, and analyzed as described above for biomass samples. Grain yield per plot was calculated ter to an 1800-12 External Integrating Sphere manufactured by Li-Cor Inc.
1 (Lincoln, NE). External Integrating Sphere is and corrected to 155 g moisture kg
Ϫ1
. a self-contained light source that collects spectral measurements on a 1-cm diameter circle of the leaf without interfer-
RESULTS AND DISCUSSION
ence from external light and/or environmental conditions. All readings taken from the plots were averaged and transformed
In-Season Biomass and Grain Harvest
to percent reflectance using a barium sulfate reference to obtain one representative reading per plot.
A significant linear and/or quadratic response to apSpectral readings were collected throughout the growing plied N was observed for all sampling dates for N conseason and averaged over 5-nm intervals to decrease the tent, grain yield, and biomass (Table 2-4). A significant amount of data for analysis. Analysis of variance and singlebiomass response to applied P in late June of 1997 and degree-of-freedom contrasts were performed, using the GLM 1998 was observed (Tables 2 and 3 ). Later season bioprocedure in SAS (SAS Inst., 1988) . Stepwise regression was mass sampling in July did not exhibit a significant reperformed, using the REG procedure in SAS (SAS Inst., sponse to applied P. Biomass production increased with 1988), on all data to develop multiple regression equations increasing N rate for the second growing season, while for predicting plant N and P concentration, biomass, grain increasing N rate decreased P content (Table 3) . Plots yield, and grain N and P concentration. receiving no N had a higher P content compared with growth corresponds to a decrease in plant P concentrayield between the 134 and 269 kg N ha Ϫ1 rates in 1997; in 1998 the 269 kg N ha Ϫ1 rate had a significantly higher tion with the plants having the higher biomass exhibiting the lower concentration due to dilution.
yield. Small yield differences in 1997 could be attributed to high residual soil nitrate levels before initiating the Grain yield increased by 29% in 1997 and 92% in 1998 for the 67 kg N ha Ϫ1 rate over the 0 kg N ha Ϫ1 rate experiment. Response to applied P was only observed between the 0 and 22 kg P ha Ϫ1 rates, with the three (Table 4 ). There was no significant difference in grain higher rates having a similar response in both years (Table 4) .
Hyperspectral Readings
Integrating sphere measurements were collected only to distinguish between differenced P treatments; therefore, readings were limited to the 269 kg N ha Ϫ1 treatment for the 1997 growing season. Regression analysis for the first two samplings (17 and 23 June) resulted in significant multiple regression equations for predicting P concentration, while the third sampling date (28 July) did not provide a significant equation for predicting total P (Table 5 ). At this time early season visual P deficiency symptoms were no longer present. Reflectance wavelengths used for predicting P concentration were in the NIR (730 and 930 nm) region of the spectrum (Table 5) .
at the 269 kg N ha Ϫ1 rate, 23 June 1997.
According to Lillesand and Kiefer (1987) , reflectance in the NIR region of the spectrum is due primarily to Canopy measurements taken during 1997 and 1998 included both plant and soil reflectance. Therefore, durthe internal structure of the plant leaves. Jacob and Lawlor (1991) found that the initial effect of P stress ing the growing season as the canopy closed, there was progressively less soil visible to interact with the canopy on corn, wheat, and sunflower was an increase in the number of smaller cells per unit of leaf area compared reflectance. Unlike the integrating sphere measurements, analysis of canopy measurements included all treatments. with a nonstressed plant. Such an increase in the number of cells would suggest that NIR reflectance might be Therefore, prediction of N concentration was with and without the presence of P stress, and prediction of P important for predicting P content of plants. Analysis of data from the second sampling date identified blue concentration was with and without the presence of N stress. Stepwise regression for estimating plant N and reflectance as an important segment for predicting P content in the leaves. Reflectance at 440 and 445 nm P and total biomass was performed on those dates corresponding to a plant sampling dates. During the 1997 was significant in predicting P with an R 2 ϭ 0.61 (Table 5). Under P stress, increases anthocyanin producgrowing season, there were no significant multiple regression equations developed for predicting P or N contion causing a purple discoloration in the leave margins (Marchner, 1995) . At V6 growth stage, purpling at the tent for the June sampling (Table 6 ). The equation for predicting total biomass was statistically significant leave margins in the P stressed plots was observed. Salisbury and Ross (1978) stated that anthocyanin strongly (R 2 ϭ 0.43), but was not considered to be a very good indicator of total biomass. Data from the 15 July samabsorbs in the green region while reflecting in the blue or red region of the spectrum, coinciding with the greater pling provided a better prediction of total biomass with an R 2 ϭ 0.68 (Table 6) . One of the factors that could reflectance at 440 and 445 nm. Biolley and Jay (1993) characterized the colorimetric features of modern roses have contributed to the inability to predict P and N content or biomass for the June 1997 sampling date was in relation to anthocyanin content, finding that petals containing large amounts of anthocyanin exhibited an the method by which the readings were collected. The field of view for the fore-optic was not strictly centered increased reflectance between 400 to 580 nm compared with petals containing less anthocyanin. Further analysis over the row at all times; therefore, the readings could have contained a greater proportion of soil background of reflectance at these two wavelengths showed that reflectance was significantly higher at 440 nm for the 67 kg compared with vegetation. After the 19 June 1997 sampling, the fore-optic was centered over the row to mini-P ha Ϫ1 compared with the 22 and 45 kg P ha Ϫ1 rates at the 0.05 probability level (Fig. 2) . Reflectance at 445 nm mize the amount of soil present. The July 1997 sampling resulted in an equation for predicting N concentration decreased with increasing P rates, which explains the difference in the sign of the coefficient for the 440 and in the plant using reflectance in the red and NIR region of the spectrum with an R 2 ϭ 0.81 (Table 6 ). Different 445 nm segments ( Fig. 2 and Table 5 ). Reflectance for the 0 kg P ha Ϫ1 rate had a higher reflectance from 435 researchers have used reflectance or developed indices using reflectance at these wavelengths to identify N to 460 nm.
stress (Walburg et al., 1982; Blackmer et al., 1996; and Stone et al., 1996) . ability to predict N and P content and biomass due to the larger response to applied fertilizers. Prediction of (Table 6 ). Reflectance in these regions is attributed to plots. As previously mentioned, the ability to predict P this growth stage. At this particular sampling date, the low N treatments were at a late vegetative growth stage later in the season was not very effective. Difference in positive and negative regression equations coefficient (V13) while the high N treatments were in a reproductive stage (R1). Plants from the low N treatment for wavelengths can be explained by slope shifts in the reflectance spectra at each particular wavelength for the were also visibly less vigorous compared with those from the high N treatments. Prediction of total biomass was different P levels. The ability to predict biomass was better in 1998 than 1997 while predicting N content was best for the June sampling with an R 2 ϭ 0.87 whereas the July sampling had an R 2 ϭ 0.68. Reflectances for best for the 15 July 1997 sampling. The July sampling date in 1997 was the only date with a significant equathese equations were composed of the different reflectance wavelengths for predicting plant N and P contion; both sampling dates in 1998 had significant equations for predicting N content. Prediction of N concentent (Table 6 ).
Stepwise regression was performed to estimate grain tration was accomplished using reflectance in a number of different regions of the spectrum including chloroyield, and grain N and P content using the hyperspectral data for all sampling dates (Table 7) . Prediction of grain phyll absorption, green, red, and NIR for the June sampling (R 2 ϭ 0.78) ( Table 6 ). The equation for the July yield was best using the 1998 data with R 2 Ͼ 0.84 and the best date in 1998 was 20 July. Data collected on 19 sampling used primarily reflectance in the NIR region, which could be attributed to differences in biomass at June 1997 exhibited difficulties in predicting any of the Table 7 . Regression equations for predicting grain yield, and grain N, and P from canopy hyperspectral data by measurement collection date. three variables due probably to the collection method
